Abstract: Tropolone has been employed for the first time as an anchoring group for dye-sensitized solar cells (DSSCs). The DSSC based on a porphyrin with the tropolone moiety, YD2-o-C8T exhibited a power conversion efficiency of 7.7%, which is almost comparable to a reference porphyrin with a conventional carboxylic group, YD2-o-C8. More importantly, YD2-o-C8T was found to display the superior DSSC durability as well as binding ability to TiO2 to YD2-o-C8. These results unambiguously demonstrate that tropolone is the highly promising anchoring group of any dyes for DSSCs in terms of device durability as well as photovoltaic performance.
In recent years, the increasing energy consumption and concern about environmental issues strongly demand utilization of sunlight as alternative, clean and infinite energy source. From this point of view, photovoltaic devices are expected as promising technologies that directly convert solar energy into electricity. Since the pioneering work by Grätzel and co-workers in 1991, [1] dye-sensitized solar cells (DSSCs) have attracted a great deal of attention as an alternative to silicon-based solar cells owing to their low-cost production and high power conversion efficiency (η). Various organometallic/organic dyes have been explored for their application to DSSCs. [2] [3] [4] [5] For instance, porphyrins are regarded as a promising candidate because of their intense absorption in the visible and nearinfrared (NIR) regions, and versatile molecular design. [4] Indeed, push-pull type porphyrin sensitizers have realized their excellent light-harvesting ability and demonstrated high η-values more than 10% in DSSCs application. [5] To date, carboxylic acids such as benzoic acid and cyanoacrylic acid have been the most widely used anchoring group to a TiO2 surface for DSSCs. However, carboxylic acids are prone to dissociate from the TiO2 surface during the device operation. Considering the durability of DSSCs for practical application, such detachment of the adsorbed dye from the TiO2 is undesirable. [6] For this reason, it is pivotal to develop a novel anchoring group with higher binding ability to the TiO2 surface than conventional carboxylic acid. He and co-workers found that 8-hydroxyquinoline (HOQ) is an attracting candidate to replace the benzoic acid group. [7] Although the η-value of DSSC based on the HOQ-modified porphyrin was moderate, it displayed a higher stability on TiO2 than its analogue with benzoic acid as the anchoring group.
Tropolones are well-known compounds that can be easily synthesized and form stable complexes with various metal ions. [8] A resonance structure, aromatic tropylium ion, contributes to the electronic structure of tropolones ( Figure 1 ). In this respect, tropolones can act as an electron-withdrawing motif in π-system. Reports utilizing tropolones as the key motif of functional molecules are still limited, whereas metal complexes of tropolones have been employed as building blocks for supramolecular coordination complexes [9] and stable liquid crystals. [10] For instance, Shionoya and co-workers used tropolone as a bidentate ligand to construct the stable high-order structure of multinuclear complexes. [9a] They revealed higher stability of tropolone-Ti IV complex than HOQ-Ti IV complex. Thus, we envisioned that the tropolone moiety would be suitable for anchoring dyes to TiO2 robustly. Herein, we report the first use of tropolone as the anchoring group of the dye for DSSCs. Representative porphyrin sensitizer YD2-o-C8 was chosen as a reference [5b] and the benzoic acid was replaced with the tropolone moiety to yield YD2-o-C8T for the comparison of their photovoltaic performances and device durability ( Figure 1 ). The synthetic route of YD2-o-C8T was illustrated in Scheme 1. Reference porphyrin, YD2-o-C8, and porphyrin precursor 1 were synthesized according to literature.
[5b]
Deprotection of 1 with tetrabutylammonium fluoride (TBAF) and subsequent Sonogashira coupling with 5-iodo-2-methoxytropone [11] provided tropolone ether 2 in 90% yield. The reaction of 2 with potassium hydroxide furnished YD2-o-C8T in satisfactory yield (42%). Repeated reprecipitation of YD2-o-C8T from CH2Cl2/acetonitrile was necessary for the sufficient purification due to severe adsorption of the tropolone moiety on silica-gel for column chromatography. Details of the synthesis and characterization are described in Supporting Information ( Figures S1-S3 ).
Scheme 1. Synthesis of YD2-o-C8T.
The UV/vis absorption spectra of YD2-o-C8T and YD2-o-C8 in THF are displayed in Figure 2 . The Soret and Q bands of YD2-o-C8T are shifted toward longer wavelength than those of YD2-o-C8, demonstrating the higher light-harvesting ability of YD2-o-C8T than YD2-o-C8 in the visible region owing to the enhanced push-pull character. The steady-state fluorescence spectra were also measured in THF ( Figure S4 ). From the intersection of the normalized absorption and fluorescence spectra, the zero-zero excitation energies (E0-0) were calculated to be 1.86 eV for YD2-o-C8T and 1.89 eV for YD2-o-C8. Electrochemical properties were studied by differential pulse voltammetry (DPV) in THF versus NHE with tetrabutylammonium hexafluorophosphate as an electrolyte (Table 1 and Figure S5 ). The first oxidation potential (Eox) of YD2-o-C8T (0.79 V) is almost the same as YD2-o-C8T (0.81 V), whereas the first reduction potential (Ered) of YD2-o-C8T (-1.14 V) is shifted to a positive direction by 0.12 V than that of YD2-o-C8 (-1.26 V) . This supports the higher electron-withdrawing ability of tropolone than benzoic acid. The electrochemical HOMO-LUMO gap of YD2-o-C8T (1.93 V) is smaller than that of YD2-o-C8 (2.07 V), which agrees with the trend in the optical HOMO-LUMO gaps (Table 1) . From the spectroscopic and electrochemical measurements, driving forces for electron injection (ΔGinj) from the porphyrin excited singlet state to the conduction band (CB) of TiO2 [5c] and for reduction of the porphyrin radical cation (ΔGreg) by a I -/I3 -redox couple (+0.4 V vs NHE) [5c] are calculated. Since these driving forces are more negative than -0.3 eV, electron injection and dye regeneration processes are exergonic and the driving forces are sufficient for efficient electron transfer. To obtain the insight on ground-state geometry and electronic structures of the frontier orbitals of the porphyrins, we performed DFT calculations on the model porphyrins with B3LYP/6-31G(d) level ( Figure S6 ). [12] Both the porphyrins display similar electron densities in the HOMO and LUMO as well as the ground-state geometry. The calculated HOMO-LUMO gaps of YD2-o-C8T and YD2-o-C8 are determined to be 2.23 and 2.32 eV, respectively, which parallel with the optical and electrochemical HOMO-LUMO gaps. The electron density distribution on the oxygen atoms of the tropolone moiety in the LUMO of YD2-o-C8T is 2.8%, which is even higher than that of the carboxyphenyl moiety in the LUMO of YD2-o-C8 (2.3%). Thus, the tropolone moiety ensures efficient electron injection and its robust binding to TiO2.
At first, we examined the adsorption properties of the tropolone moiety on TiO2 ( Figure S7 ). A TiO2 film was immersed into a 4:1 mixture of ethanol/toluene with 0.2 mM porphyrin to give a porphyrin-stained TiO2 film. The porphyrin surface coverage (Γ) adsorbed on the TiO2 film was determined by measuring the absorbance of the porphyrin that was dissolved from the porphyrin-stained TiO2 film into an alkaline 1:1 mixture of THF/H2O. During immersion, the porphyrins reveal almost identical adsorption profiles as a function of immersion time and reached the constant Γ-values on TiO2 in 3 h. The saturated Γ values of 8.3×10
-11 mol cm -2 for YD2-o-C8T and 8.5×10 -11 mol cm -2 for YD2-o-C8 are virtually the same. Taking into account the saturated, comparable Γ-values together with the dye sizes, both the porphyrins form well-packed monolayers on the TiO2.
The FT-IR spectrum of YD2-o-C8T for the solid sample reveals characteristic peaks at 1585 cm -1 arising from ν(C=O)
and around 1250 cm -1 arising from ν(O-H) and ν(C-O) ( Figure   S8 ). [13] After the adsorption on TiO2, the spectrum shows broadening of the peaks, which is seen for tropolone-metal bidentate complexes. [8] To gain further information on the binding mode, X-ray photoelectron spectroscopy (XPS) measurements were conducted for YD2-o-C8T-stained TiO2 as well as the references ( Figures S9-S11 ). The O1s photoelectron spectrum exhibits three oxygen peaks. The peak at 529.9 eV originates from oxygen atoms of the TiO2 surface. The remaining peaks at 532.8 and 531.5 eV are ascribed to four oxygen atoms of the octyloxy moiety and two oxygen atoms of the tropolone moiety that binds to the TiO2 surface, respectively. From these XPS measurements, combined with the FT-IR spectra, we assigned the binding mode of YD2-o-C8T on TiO2 as symmetrical bidentate coordination.
Then, the photovoltaic properties of the porphyrin DSSCs were measured under standard AM 1.5 condition using an electrolyte solution containing I -/I3 -redox shuttle. To optimize the cell performances, we first examined the effect of immersion time ( Figure S12 ). The DSSCs based on YD2-o-C8T and YD2-o-C8 display the optimized η-values of 5.3 and 7.9% in immersion time of 3 and 4 h, respectively. By fixing the respective immersion time each porphyrin was also sensitized under various concentration of chenodeoxycholic acid (CDCA), co-adsorbent for the suppression of dye aggregation ( Figure  S13 ). However, the η-values decrease by the addition of CDCA, suggesting that the four octyloxy groups around the porphyrin core sufficiently inhibit dye-aggregation. The DSSCs were further kept under dark conditions to improve the cell performance. All the DSSCs attain the highest η-values after several days aging ( Figure S14 ). [5c,14] The photocurrent-voltage characteristics of the DSSCs based on YD2-o-C8T and YD2-o-C8 under the finally optimized conditions are depicted in Figure  3 . The IPCE spectrum of the DSSC based on YD2-o-C8T exhibits photocurrent generation up to 800 nm, reflecting its higher light-harvesting ability than YD2-o-C8. Detailed photovoltaic parameters are listed in Table 2 . The maximal DSSC performance of YD2-o-C8T (η = 7.7%) is slightly lower than that of YD2-o-C8 (η = 8.8%). It is noteworthy that YD2-o-C8T achieved the highest η-value among porphyrin DSSCs where other anchoring groups except carboxylic acid were used. [7, 15] We applied electrical impedance spectroscopy (EIS) to rationalize the difference in VOC. The EIS Nyquist plots were obtained under standard AM 1.5 illumination at open-circuit conditions ( Figure S15 ). The middle semicircle corresponds to the electron transfer process at the TiO2-dye-electrolyte interface (Rp). A small Rp implies small charge recombination resistance between the TiO2 and the electrolyte. In fact, a Rp value of the DSSC based on YD2-o-C8T (22.0 Ω) is smaller than that based on YD2-o-C8 (28.7 Ω), which is consistent with the slightly lower VOC value for YD2-o-C8T.
Finally, we investigated the long-term durability of DSSCs based on YD2-o-C8T and YD2-o-C8. The porphyrin-stained TiO2 films were immersed into a 1:1 mixture of THF/H2O with 28 mM acetic acid or 1 mM NaOH. Then, the amount of the dye on TiO2 as a function of immersion time was determined from absorbance of the TiO2 film (Figure 4a ). Although YD2-o-C8 completely dissociated from the TiO2 surface within 1 hour under both acidic and basic conditions, more than 95% of YD2-o-C8T were retained in 8 hours. This result unambiguously corroborates that tropolone is a robust anchoring group compared to benzoic acid. Furthermore, the long-term durability of the DSSCs based on YD2-o-C8T and YD2-o-C8 were assessed under continuous white light illumination (100 mW cm -2 at 25ºC, Figure 4b ). The YD2-o-C8T and YD2-o-C8 cells show 13% and 33% decrease in 500 h, which strongly supports the advantage of the tropolone anchoring group in terms of longterm durability of DSSCs. To the best of our knowledge, this is the first quantitative comparison of the long-term durability of DSSCs in terms of the difference in anchoring groups.
In summary, we have employed tropolone for the first time as the anchoring group of DSSCs. The DSSC based on YD2-o-C8T with tropolone exhibited the power conversion efficiency of 7.7%, which is almost comparable to that based on YD2-o-C8 with benzoic acid as the anchoring group. More importantly, YD2-o-C8T was found to display the superior DSSC durability as well as binding ability to TiO2 to YD2-o-C8. We believe that tropolone is the highly attractive anchoring group that is applicable to any kind of dye for DSSCs that would realize the high device durability as well as excellent photovoltaic performance.
Tropolone has been employed for the first time as an anchoring group for dye-sensitized solar cells (DSSCs). The DSSC based on a porphyrin with the tropolone moiety exhibited the comparable power conversion efficiency as well as superior DSSC durability to a reference porphyrin with a carboxylic group. Tropolone is the highly promising anchoring group of any dyes for high-performance robust DSSCs. Fischer Scientific EXACTIVE spectrometer for ESI measurements. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were taken with the golden gate diamond anvil ATR accessory (NICOLET 6700, Thermo scientific), using typically 64 scans at a resolution of 2 cm -1 . All samples were placed in contact with the diamond window using the same mechanical force. Electrical impedance spectra were measured on SP-150 (Bio-Logic) spectrometer.
Electrochemical Measurements.
Electrochemical measurements were made using an ALS 630a electrochemical analyzer. Redox potentials were determined by differential pulse voltammetry (DPV) in THF containing 0.1 M tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ). A glassy carbon (3 mm diameter) working electrode, Ag/AgNO 3 reference electrode, and Pt wire counter electrode were employed.
Ferrocene (+0.642 V vs NHE) was used as an internal standard for the DPV measurements.
Density Functional Theory (DFT) Calculations.
All calculations were carried out using the Gaussian 09 program. S1 All structures of porphyrins were fully optimized without any symmetry restriction. The calculations were performed by the density functional theory (DFT) method with restricted B3LYP (Becke's three-parameter hybrid exchange functionals and the Lee-Yang-Parr correlation functional) level, employing a basis set 6-31G(d) for C, H, N, O and Zn.
X-Ray Photoelectron Spectroscopy (XPS) Measurements.
The XPS data were acquired using an ULVAC-PHI 5500MT system equipped with Mg Kα X-ray source (1253.6 eV) and a hemispherical energy analyzer. Samples were mounted on indium foil
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and then transferred to an analyzer chamber. The electron takeoff angle was set at 45°. The pressure of the main XPS chamber was maintained at less than 1 × 10 -8 Torr during analysis. Peaks of interests were deconvoluted by Gaussian/Lorentzian mixed functions with PeakFit 4.12
program. All the samples for XPS measurements were made by the same method for preparing the porphyrin on the TiO 2 electrodes (vide infra).
Preparation of Porphyrin-Sensitized TiO 2 Electrode and Photovoltaic Measurements.
The preparation of TiO 2 electrodes and the fabrication of the sealed cells for photovoltaic measurements were performed according to literature. 
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The counter electrode was prepared by drilling a small hole in an FTO glass (solar 1 mm thickness, 10 Ω/o, Nippon Sheet Glass), rinsing with distilled water and ethanol followed by treatment with 0.1 M HCl solution in 2-propanol using an ultrasonic bath for 15 min. After heating in air for 15 min at 400 °C, the platinum was deposited on the FTO glass by coating with a drop of H 2 PtCl 6 solution (2 mg in 1 mL of ethanol) twice. Finally, the FTO glass was heated at 400 °C for 15
min to obtain the counter Pt-electrode.
A sandwich cell was prepared by using the dye-anchored TiO 2 film as a working electrode and a counter Pt-electrode, which were assembled with a hotmelt-ionomer film Surlyn polymer gasket (DuPont, 50 µm), and the superimposed electrodes were tightly held and heated at 110 °C to seal the two electrodes. The aperture of the Surlyn frame was 2 mm larger than that of the area of the TiO 2 film, and its width was 1 mm. The hole in the counter Pt-electrode was sealed by a film of Surlyn. A hole was then made in the film of Surlyn covering the hole with a needle. A drop of an electrolyte was put on the hole in the back of the counter Pt-electrode. It was introduced into the cell via vacuum backfilling. Finally, the hole was sealed using Surlyn film and a cover glass 02, 164.78, 159.78, 152.06, 151.81, 150.42, 150.34, 139.05, 136.61, 134.88, 134.70, 132.28, 132.17, 130.66, 129.86, 129.82, 128.69, 125.28, 123.56, 121.97, 120.51, 114.80, 112.54, 105.07, 97.68, 96.85, 96.49, 68.52, 56.59, 35.23, 31.72, 31.51, 31.37, 29.69, 29.10, 28.61, 28.56, 28.43, 25.12, 22.59, 22.25, 14.07, 13.81 2921, 2851, 2174, 1624, 1577, 1504, 1453, 1403, 1377, 1337, 1298, 1274, 1244, 1205, 1171, 1095, 1059, 995, 939, 848, 824, 791, 768, 710, 653, 628 cm -1 . mp >300ºC. , and H 2 O (25 mL), KOH (435 mg, 7.8 mmol) was added and the mixture was refluxed for 3h.
The reaction mixture was cooled to room temperature and quenched with aqueous saturated NH 4 Cl. Layers were separated and organic layer was dried over Na 2 SO 4 and concentrated. The FT-IR spectra of tropolone on TiO 2 (solid) and tropolone powder (dashed). Figure S9 . X-Ray photoelectron O1s spectra of (a) tropolone powder and (b) tropolone on TiO 2 . 
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